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Abstract- This paper proposes a novel non-data-aided max-
imum likelihood (ML) approach for the estimation of the
residual timing error in OFDM receivers. The novel approach
effectively utilizes the finite alphabet property of the received
symbol constellation to perform a near perfect residual timing
error estimation. Unlike some of the current techniques, the
proposed approach requires no pilots and therefore is bandwidth
efficient. Moreover, the reduced complexity version of the post-
FFT ML algorithm minimizes the receiver computational burden.
Simulation results show that the BER degradation due to residual
timing error can be almost completely recovered for both AWGN
and Rayleigh fading channel scenarios.
I. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) has
become a key modulation technique for high data rate wireless
applications. The OFDM, also known as multicarrier modu-
lation (MCM), incorporates a large number of orthogonally
selected subcarriers to transmit a high-data-rate stream in
parallel in the frequency domain. Spectral efficiency and
multipath immunity are two major advantages of OFDM
technique. It has been adopted for digital broadcasting (DAB-
DVB), wireless LAN (802.1 Ia/g), and fixed wireless access
(802.16a) standards [1].
A major drawback of OFDM is its relatively high sensitivity
to time and frequency synchronization errors compared to a
single carrier system. The time synchronization error refers
to the incorrect timing of OFDM blocks at the receiver in-
troducing phase errors and possible inter-symbol-interference
(ISI) in the demodulated data. The frequency synchronization
error is caused by the offset in RF carrier frequency due to
fluctuations in receiver RF oscillators or the channel's Doppler
frequency. This carrier-frequency-offset (CFO) can destroy the
subcarrier orthogonality of the OFDM signal introducing inter-
carrier-interference (ICI). Both ISI and ICI results in severe
degradation of the bit-error-rate (BER) performance of the
OFDM receiver [2].
In an OFDM system, the complex discrete time OFDM
signal rn at the receiver can be given as [31
rn= Sn-de 77 + Wn (I)
where, sn is the transmitted OFDM signal and N is the total
number of subcarriers. The variables d and e denotes the
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channel delay (timing information) and the carrier frequency
offset (normalized using subcarrier spacing), respectively. Ad-
ditive white Gaussian noise (AWGN) is denoted by w,. The
transmitted signal sn- is obtained by IFFT operation over
consecutive N number of M-PSK or AI-QAM constellation
symbols and adding the last Ng samples of each block at
the front as a cyclic prefix (CP). The resulting blocks of
size Ng + N are known as OFDM blocks. For a multipath
(time-dispersive) channel, sn in (1) should be replaced by the
multipath signal pn = EI-1 his,,-,, giving
(2)rn = [S hts8n.r-d1 e 7 + Wn
Li=o
where, hi 's and ri's are the multipath channel coefficients
and delays, respectively. The timing of the first arrival path
is taken as the reference, i.e. ro = 0. The total number
of multipaths is given by I. The time synchronization task
involves the accurate estimation of the unknown d and at
the receiver. This is crucial for accurate OFDM demodulation
(using the FFT) with minimum performance degradation due
to timing errors. It should be noted that any timing error
within the ISI-free part of CP causes only a phase error in
the post-FFl data (constellation points) (Fig. 1). If the timing
error exceeds the ISI-free part of CP, the post-FFT data will
suffer both ISI and ICI. In literature, cyclic prefix based
techniques (ML algorithm) and reference symbol (training
sequences) based techniques have been proposed [3]- [8]for
OFDM time synchronization. Among these, CP based tech-
niques are considered more advantageous because the use of
reference symbols lowers the achievable data rate (bandwidth
inefficient).
Let d be the timing estimate given by the time synchronizer
of an OFDM receiver for any given OFDM block. The residual
timing error can be obtained as de = d - d (in samples)'. The
residual timing error causes the data carried by the OFDM
subcarriers to experience a linearly increasing phase rotation,
Note that this paper discusses the issue of OFDM block timing rather than
the sample timing. i.e. we assume that the discrete baseband representation
of the received OFDM signal to have the correct sample timing (or negligibly
small error). Thus. de is an integer.
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Fig. 1. An OFDM block: The cyclic-prefix length is normally longer than the maximum channel length, i.e. Ng > ri-1, resulting in an ISI
free-part of CP to absorb block timing errors.
i.e. kth subcarrier rotates by 27rkd/N, at the post-FFIl stage.
Although the pilot-based channel estimation and equalization
can remove the effect of phase-rotation to a certain degree,
the BER performance degradation due to the residual timing
error can not be totally avoided. A statistical approach of
minimizing the effect of residual timing error is proposed
in [9]. This technique incorporates the statistical distribution
of de into the channel equalization process and significantly
reduces the BER degradation. However, this technique requires
the statistics of de to be known at the receiver which is not the
case in practice. The deterministic solution to the problem is
the explicit estimation of de (post-FFT) on OFDM block-by-
block basis followed by a phase compensation stage. Such
techniques based on pilot-data are reported in [10]- [11].
One disadvantage of these techniques is the requirement of
sufficient pilots inserted into each and every OFDM block,
which causes a lost in data throughput (bandwidth lost). In
contrast, in this paper, we propose a non-data-aided (thus
blind) maximum-likelihood based technique of estimating the
residual timing error. The necessity for pilots is totally avoided
(no throughput lost) with some additional computational cost
at the OFDM receiver.
II. PosT-FFT SIGNAL MODEL
The post-FFT signal at the OFDM receiver with a residual
block timing error of de samples can be given as [8]
Rk HkSOeJkde Ck
N-I
+ , HISI jkel C W (3)
1=O,10k
where, k = 0. 1,... N - 1. The Ck and Hk denote the data
(M-PSK or M-QAM symbols) carried by the kth subcarrier
and the channel frequency response at the kth subcarrier,
respectively. The AWGN noise term is given by Wk. It should
be noted that (3) assumes the block timing error is within
the ISI free part of cyclic prefix (see Fig. 1) of the OFDM
block, thus resulting in a phase rotation of 2Wrkde/N at the
kth subcarrier. The values Sk (ICI coefficients) depends on
the frequency offset error E and is given by
N sin N (k + E) [ ( N)
For large N (which is normally the case as OFDM systems
have large number of subcarriers), Sk becomes
sin(Qrc) erE
N sin ' (k + E) (5)
The ICI noise term in (3) (the second term) can be given as
N-1 Hi sin(wcr
Ik k Nsin f(l
-
k + e) e (6)
For sufficiently large N, the ICI term Ik can be approximated
as a zero-mean Gaussian random variable by central limit
theorem. Thus the ICI noise power, i.e. variance of Ik, can
be given as
2 =-EIlk 12} = EN-i sin2 (7we) 2e)
i
~ ~~lQI:k N2 sin2 r.(I - k + 6) c (7)
where, o2 = E{[Ck12}, and the channel is assumed to be
normalized, i.e. E{ IHk 2} = 1. Therefore, the post-FFT signal
in (3) can be given as
Rk = HkeJkdeC ±Nk (8)
where, Nk = Ik + Wk is the total noise with both AWGN
and ICI noise. The total noise term Nk is also zero-mean and
Gaussian distributed with variance o, where uo n 2 + IQ.
The AWGN noise variance is given by r2 = ElWk J2}. The
effective channel accounting for both the actual channel Hk
and the self-interference term So due to CFO is given by H, =
HkSo. For large N, the self-ICI term So can be approximated
as So =, sinc(rc)ei7re, where, sinc(rE) = sin(7rE)/(lri).
It should be noted that both Hk and So are varying with
time (OFDM block-to-block) in a well correlated manner. The
block-to-block variation of Hk is governed by the Doppler
frequency of the channel while that of So depends on both
the Doppler frequency and the RF oscillator drifts (vary slow
time variation by nature). Therefore, the effective channel Hk
can be estimated using time-domain interpolation techniques
[9] with channel estimation pilots placed at regular intervals
in the OFDM block sequence. However, the phase-rotation
term eJ kd is generally uncorrelated, i.e. the block-to-block
variation of de is uncorrelated. This makes it necessary to
determine de on a block-by-block basis and to compensate
for the corresponding phase-rotation.
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III. ESTIMATION OF RESIDUAL TIMING ERROR
Lets denote the transmitted constellation data set and the
corresponding post-FFTl signal in vector form as
c= [ co Ci TCN-1 ]T
and
R= [ Ro R1 ... RN-1 ]T
If the ML decoding using only the kth subcarrier information
is considered, the decision matric Fk can be formed as
Fk = iRk - Ok =-eJ k(d -)C -k + Wke Jkd
(14)
where, Ck E Q. If d = de and Ck = Ck the decision metric
'k becomes
(10) r7k = Wke- J kd (15)
where, Rk for 0 < k < N - 1 is given by (8). Similarly, the
channel values can be given in vector form as
H=[ Ho H1 ... HN_1 ]T. (I 1)
The proposed ML estimation of de utilizes the linear phase-
rotation vector set given by
pd-= [i eieo.N
...
ej 2r(v1)d]T
where, -do . d < do and do is the maximum expected
magnitude of the residual timing error. Let a® b represent the
vector product of a and b. We derive the novel residual timing
error estimation technique for OFDM using the following
properties:
P1: The elements of C are restricted to a given signal
constellation Q
P2: The set of Pd'S (linear phase-rotation vectors) is
fixed and known a priori
P3: C 0 P,, and C 0 P, are sufficiently different for
U = V.
The performance of the proposed residual timing error es-
timation technique is expected to be good as the Hamming
distance between any Pu and P, is large for u v [12]. A
preliminary insight to the proposed technique can be obtained
by assuming the simplest case, where the channel is frequency-
nonselective (flat-fading) and noiseless with zero frequency
offset error (e = 0). Now the receiver gets R = C 0 Pd, and
we compute R 0 P for -do < d < do. Note that in general2
R0 P will not be a vector of symbols from the constellation
Q unless d = de. In other words, the value of de is given by
the d that maps R 0 P* into a vector of constellation points
from Q.
A. Maximum-Likelihood Estimation
Let's now consider an AWGN channel (frequency flat-
fading with e = 0). The received signal in an AWGN channel
can be expressed as
Rk ei kd Ck + Wk* (12)
The kth element (Rk) of the product R 0 P- is given by
Rk =eTk(d d)Ck + Wkejkd (13)
2Special cases exist. e.g. N = M with MI-ary PSK.
Consequently, the joint ML estimator of de and Ck using only
the kth subcarrier information can be formulated as
{de I } = min Rke- m' Ok
-do <d<do
Ck EQ
(16)
where, de and 0k are the ML estimates of the residual timing
error and the kth subcarrier symbol, respectively. The accuracy
of the ML estimation is enhanced N fold by summing the total
error term for all the N subcarrier symbols in a given OFDM
block.
{de, C}
N-i 2
= mind 1 Rke kw C
CdoQNd k=O
= mill RoDP C
-do<d.do
CEQN
(17)
where, C is the ML estimate of the transmitted symbol vector
C. For the general case of a frequency-selective channel with
nonzero CFO the above ML estimator (17) can be modified
as follows
2{de,C1> = mill R Pt.H- C (18)
-do<do d
CEQ
where, the effective channel vector H = SoH is assumed to
be known3 at the receiver.
The elementary way of performing the minimization in (18)
is as follows. The minimum distance between H 0 C and
R 0 P* is determined, where P* is the conjugate of P0.
This can be done by the Viterbi algorithm for coded systems
or by searching all MIN data sequences for uncoded Ml-ary
modulation. This process is repeated for PO, P±2, ., Pd,, -
The global minimum distance solution yields the optimum
estimates de and C. The major disadvantage of this full
search technique is its high computational complexity. For
an example consider uncoded M-ary modulated data on all
OFDM subcarriers. For this case, there are (2do + 1) x MN
number of 1.12 operations to solve in (18). This is practically
prohibitive complexity and can be performed only for small N,
Al, and do. Thus, a suboptimal metric with reduced complexity
is desirable. Such a reduced complexity ML algorithm is
proposed next.
'In practice receiver channel estimation provides an estimate of H. This can
be a blind technique or a pilot based technique, however does not necessarily
requires pilots in all OFDM blocks.
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B. Reduced Complexity ML Estimation
Decode Rk into the nearest constellation point Ck, by
_j ,,kdcomparing Rke v-r with HkCk, where Hk is the effective
channel response for the kth subcarrier. That is, a hard decision
is made for each subcarrier and error term is summed. This
whole process is repeated for d = 0, 1,...., ±do. The
minimum Euclidean distance solution yields the estimates of
residual timing error (de) and the corresponding data sequence
(C). The reduced complexity (suboptimal) ML estimation
becomes
N-1
{ } do<-<dE cmin Rke-- -HkCk{ -d ej< 'do k=O CE
(19)
It should be noted that the above reduced-complexity ML
estimation has polynomial complexity ((2do + 1) x Ml x N
number of 1.12 operations) as opposed to the exponential
complexity of the full-search ML algorithm. Fig. 2 depicts
the proposed decoder structure with inherent residual timing
error estimation.
IV. SIMULATION RESULTS
The proposed residual timing error estimation scheme was
evaluated over AWGN and frequency selective Rayleigh fad-
ing channels with different frequency offset error (e) values.
An uncoded OFDM system with N = 256, guard interval of
Ng = 32 samples and QPSK modulation was simulated. Fig. 3
compares the BER performance of the proposed scheme with
the perfect timing case for = 0, 0.01, and 0.05 in an AWGN
channel. It is evident that the proposed scheme can achieve
perfect timing recovery (thus no BER degradation) except for
very low SNR (< 4 dB).
The BER performances of the proposed scheme in fre-
quency selective Rayleigh fading channel with 6 independent
paths is given in Fig. 4. In this case we have used e =
0,0.05,0.1 to enhance the effect of frequency error. As can
be seen from Fig. 4, the proposed algorithm achieves perfect
timing recovery even in the fading channel when the SNR is
sufficiently high. We can observe some degradation in BER
when the the SNR is low (< 10 dB) and e is high. However, c
does not have a significant effect on the BER performance
for practically expected level of post-FFT frequency error
c < 0.05.
Fig. 5 shows the timing error distribution (in the form of a
histogram) after the proposed residual timing error correction
for the frequency selective Rayleigh fading channel for two
different SNR values ate = 0.05. The total number of OFDM
blocks used to generate the histograms is 1000. As can be
seen from Fig. 5, for SNR = 5 dB there is a small fraction
of OFDM blocks with an inaccurate residual timing error
estimation. However, at SNR = 15 dB the residual timing
error estimation provides perfect results with no occurrences
of errors. Also, the histogram results of Fig. 5 explain the
BER results at 5 dB and 15 dB for the frequency selective
Rayleigh fading channel. At SNR = 5 dB the BER with
the proposed technique deviates from the perfect timing case
due to the OFDM blocks with inaccurate timing. However,
at SNR = 15 dB the proposed technique provides a BER
result equivalent to the perfect timing case. Also, it is expected
that the performance degradation for very low SNR values in
both channels can be improved with the use of forward error
correction coding.
v 10
Fig. 3. Performance of the proposed residual timing error estimation scheme
in an AWGN channel for e = 0. 0.01. and 0.05.
loo
Fig. 4. Performance of the proposed residual timing error estimation scheme
in a frequency selective Rayleigh fading channel for e = 0. 0.05. and 0.1.
V. CONCLUSIONS
In this paper, we proposed a non-data-aided maximum
likelihood approach for the residual timing error estimation
in OFDM systems. The novel approach uses the finite al-
phabet property of the symbol constellations and post-FFT
signal processing. The necessity for pilots is avoided, thus is
advantageous compared to the methods available in literature.
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de, C
Fig. 2. Proposed residual timing error estimation scheme.
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Fig. 5. Distributions of the timing error after the proposed residual timing
error correction for the frequency selective Rayleigh fading channel at e =
0.05. Left: SNR = 5 dB. and Right: SNR = 15 dB.
Simulation results demonstrate the BER performance recovery
of the proposed approach in the presence of residual timing
errors in both AWGN and frequency selective Rayleigh fading
channels.
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